. Representative schematics of (A) mixed-stage nematodes, (B) the nanosuspension containing 30 nm and 60 nm AuNPs at 100 ng mL -1 , respectively, and (C) the nematode/nanosuspension mixture. The construction of the sucrose density gradient column within a centrifuge tube from top to bottom: 2 mL of the nanosuspension (D) or 2 mL of the nematode/nanosuspension mixture (E), 2 mL of 100 µmol/L NaCl (light green) + sucrose [4 mL of 20 % (mass density; purple), 3 mL of 40 % (mass density; orange), and 2 mL of 50 % (mass density; 
Introduction
The rapid expansion of the nanotechnology industry has remarkably improved the performance of basic materials and consumer products, leading to the commercial success of engineered nanoparticles (ENPs). However, there is an urgent need to understand the interaction between ENPs and environmental and biological systems to enable studies on the potential risks of ENPs given their possible release into air, water, and soils. Accurate analytical methods are required to quantitatively study these interactions. Within such studies, the influence of artefactual false-positive and or false-negative results must be critically evaluated and mitigated.
Principles and Scope
Studies on the bioaccumulation and potential toxicological effects of ENPs using cellular, plant, aquatic, and rodent models have produced important data for risk assessment. Caenorhabditis elegans (C. elegans), a globally distributed, soil-inhabiting nematode species, [2] has been widely utilized as a model organism in research studies due to factors such as its low cost, ease of cultivation and maintenance, short generation time, the large number of eggs per adult, the availability of numerous genetically modified versions of the species, 60 % to 80 % gene homology to humans, and its optical transparency. [3, 4] Additionally, they feed by taking in surrounding media and suspended particles via a pharyngeal pumping mechanism, [5] making them especially ideal organisms for nano-uptake and nanotoxicity studies. C. elegans has been extensively employed in ENP-related uptake and nanotoxicity studies to investigate the potential deleterious effects of ENP-exposure on organism health and behavior. [6] [7] [8] [9] [10] [11] [12] [13] [14] For nano-exposure research involving C. elegans, conventional rinsing procedures are typically composed of multiple water or media rinses followed by centrifugation and vacuum filtration of the supernatant. [6-8, 10, 11, 15, 16 ] When our research group tested and employed a similar rinsing strategy, we found that water rinsing was unsuitable for the efficient removal of non-ingested NPs, even at low, environmentally relevant exposure concentrations (ng mL -1 or part per billion in gold mass fraction). [17] Therefore, it was necessary to devise a postexposure rinsing strategy that, unlike conventional water rinsing protocols, ensured greater efficiency in regard to the removal of excess, non-ingested ENPs.
Density gradient centrifugation is widely considered one of the most convenient and simple methods for ENP separation for the purposes of purification, size selection, and shape and agglomeration/aggregation control. [18] Among the media employed for these efforts, sucrose has been utilized for the separation of gold nanorods, [18] carbon nanotubes, [19] and titanium dioxide. [20] Our group has studied the efficacy of rate-zonal sucrose density gradient centrifugation separations of mixtures of AuNPs of varying sizes in liquid suspension. [21] Gradients have been used in the biological sciences for fractionation of whole cells, subcellular components, protein purifications, etc. [22] Recently, a Percoll medium centrifugation separation allowed the measurement of mass density distributions in C. elegans populations. [23] In fact, sucrose density gradients are widely used in C. elegans maintenance for separating viable nematodes from dead nematodes, eggs, bacteria, and other debris. [3, 24, 25] However, sucrose density gradient centrifugation (SDGC) separation had not been employed until recently for the separation of C. elegans from NPs after exposure. [17] This protocol details an SDGC procedure for the efficient separation of AuNPs from C. elegans.
Terminology
This protocol complies with definitions relevant to nanotechnology as set forth in the ASTM International E2456. [26] 4.4.6. Quadrupole inductively coupled plasma mass spectrometer (ICP-MS)
ICP-MS autosampler

Preparation of C. elegans
Assessment of C. elegans/AuNP separation efficiency shall be accomplished using approximately 50 000 living C. elegans per gradient. Details regarding C. elegans culturing and maintenance practices can be found in the Experimental section of Johnson et al. [17] See Figure 1A .
Preparation of sucrose solutions
This protocol requires the use of sucrose solutions of 200 g L -1 , 400 g L -1 , and 500 g L -1 . To prepare these solutions, dissolve 200 g, 400 g, or 500 g, respectively, of sucrose (enzyme grade) in deionized water. Weigh sucrose into glass bottles and fill to the 1 L mark with deionized water. For complete dissolution, shake the solutions, followed by gentle heating and stirring at 70 °C with a magnetic stir bar. Once completely dissolved, store these solutions at 4 °C until use. Weigh 5.8 g NaCl into a sterile glass bottle (250 mL) and dilute to 100 mL with deionized water to prepare a 1 mol L -1 NaCl stock solution. Then prepare a 0.1 mol L -1 NaCl solution by diluting the 1 mol L -1 NaCl stock 10-fold.
Preparation of nanosuspensions
A mixture composed of nominal 30 nm AuNPs and nominal 60 nm AuNPs (in the case of this protocol, NIST RM 8012 and NIST RM 8013 each at 100 ng mL -1 Au mass fraction, respectively) can be used to perform SDGC separations of nematodes and AuNPs. Dilute a volume of 20.7 µL and 19.3 µL of the stock NPs, with 10 mL deionized water in a 15-mL centrifuge tube. Vortex the mixture at maximum speed for 30 s to suspend the nanoparticles. See Figure 1B. 
Construction of sucrose density gradient separation column
A schematic of representative sucrose density gradient separation columns can be found in Figure 1 . The sucrose density gradient separation column is carefully constructed from bottom to top in a 15-mL plastic centrifuge tube by sequentially layering the following components by transfer pipet: [2 mL of 50 % sucrose (mass density) + 3 mL of 40 % sucrose (mass density) + 4 mL of 20 % sucrose (mass density) + 2 mL of 0. Figure 1C. 
10.2.
Gently transfer 2 mL of the nanosuspension from Section 8 to a pre-labeled separation column from Section 9 (placed on the top of the NaCl gradient layer) by transfer pipet. The total Au mass added to the gradient from the nanosuspension accounts for ≈400 ng Au. See Figure 1D . 
Extraction of gradient sample fractions
After centrifugation, slowly and carefully transfer 1-mL aliquots of the gradients from Section 11 to the labeled, pre-weighed centrifuge tubes from Section 9.1 via pipette. A new pipet tip must be used for each individual 1-mL aliquot transfer to avoid cross-contamination. There will be 13 1-mL gradient sample fractions for each sample replicate. Avoid mixing the layers during this step. 
Preparation of aqua regia
Preparation of the internal standard diluent
To monitor instrument drift, a diluent was prepared containing internal standards of platinum (NIST SRM 3140) and indium (NIST SRM 3124a) at 1 ng mL -1 each in 2 % HNO3 (volume density). The typical volume of this diluent is between 1.5 L and 2.0 L depending on the number of gradient samples to be diluted and measured for total Au analysis.
14.1. The platinum solution, NIST SRM 3140, has a certified value of 9.996 mg g -1 . Prepare an intermediate working standard solution by weighing at a concentration of 10 000 ng g -1 by serial dilution with 2 % HNO3 (v/v). Employ the same strategy to prepare the indium standard solution by using NIST SRM 3124a, which has a certified value of 10.009 mg g -1 . Finally, prepare 2 L of the final internal standard diluent at a concentration of 1 ng mL -1 in 2 % HNO3 (v/v) for both elements.
Please note that although indium and platinum were included in the sample diluent, ultimately only the Au signal was used for the computation of the total Au mass fraction present in each gradient layer, because the ICP-MS response factor for the measurement of Au was stable (the relative standard deviation of Au signal intensities was <5 % for samples measurements)
across the entire analysis.
Acid digestion of gradient sample fractions
For safety, these steps were performed in a chemical fume hood.
Perform acid digestions directly in the centrifuge tubes from Section 12.
Uncap all the tubes. Add 1 mL of the aqua regia solution via plastic transfer pipet (3 mL transfer pipets with graduated marks are recommended). 15.2. Cap tubes and vortex for 10 s to initiate the digestion process. Loosen caps during the digestion process.
15.3.
Allow the contents to react for 2 h at room temperature and then dilute (to the 15-mL mark) with the internal standard solution prepared in Section 14. 15.4. Cap samples and shake to ensure a homogeneous sample mixture. 15.5. Record final weights for all diluted samples. These tubes had been previously weighed in step 9.1.
Preparation of the ionic standard solution calibrants
Inductively coupled plasma mass spectrometry (ICP-MS) is a technique which allows rapid detection of different metal ions in a dilute acid sample matrix. Ionic standard solutions are required for quantitative analysis to calibrate the response of the ICP mass spectrometer for analytes of interest.
Prepare ionic gold standards, ranging from 0 ng mL -1 to 25 ng mL -1 , by mass in 50 mL centrifuge tubes by serial dilution of NIST SRM 3121 (Gold Standard Solution) with the platinum/indium internal standard diluent prepared in Section 13. Calibration blanks (0 ng mL -1 ) were the platinum/indium internal standard diluent without the addition of Au.
Measurement of total Au in gradient sample fractions by ICP-MS
Analyze digested gradient sample fractions (Section 15) by ICP-MS. The ICP-MS should be tuned for maximum 115 In sensitivity and minimum 156 CeO/ 140 Ce level (<2 %). Under these conditions, the ICP-MS will exhibit maximum sensitivity for 197 Au. Measure samples under the following conditions: 90 s sample uptake, 10 replicate measurements per sample lasting 60 s per measurement, and the intensities at m/z 115 In, 195 Pt, and 197 Au should be recorded in continuous mode. A dwell time of 300 ms per isotope should be selected to measure signal intensities.
Quantification of total Au in gradient sample fractions
Once each gradient layer has been analyzed, data are exported and processed manually in a spreadsheet.
18.1. The mean signal intensities for the calibration blanks (10 blanks in total) and all Au standards are to be calculated by averaging the intensities of the 10 replicate measurements. Create a scatter plot where the average Au signal intensities are plotted against Au standard concentration. In this way, the equation of the regression line will represent the Au response function. This equation is then used to calculate the Au concentrations for each gradient sample fraction. 18.2. The Au signal for each gradient sample fraction represents an average of the 10 replicate measurements of the sample. Calculate the average counts, along with the standard deviation, and relative standard deviation for each sample. Au concentrations are then calculated using the equation of the regression line from Section 18.1 and applying the appropriate sample dilution factors. 18.3. The Au concentration of each gradient sample fraction is then plotted against the sucrose gradient fraction number (fraction 1 denoting the gradient layer at the top of the centrifuge tube, and fraction 13 represented the lowest gradient layer; See Figure 2 and Figure 3 ).
Outcomes
Visual observations
Pre-centrifugation:
Prior to centrifugation, it is expected that the nematodes that are transferred to the gradient will immediately settle to the interface of the NaCl layers and 20 % (w/v) sucrose.
Post-centrifugation:
Following centrifugation, the nematodes will be located at two interfaces: 1) the interface between the NaCl layer (density of ~1.006 g cm -3 ) and the 20 % (mass density) sucrose layer (density of ≈1.081 g cm -3 ; the densities of sucrose concentrations are listed in Table 1 ) and 2) between the 20 % sucrose and the 40 % sucrose layers (density of ≈1.176 g/cm 3 ). As this separation is accomplished through rate-zonal centrifugation (where the sample is loaded in a narrow zone on top of the density gradient), separation is predicated based on a density equilibrium. The nematodes can move downward through the column until their density is the same as the surrounding gradient layer. The location of the nematodes post-centrifugation can be attributed to the fact that the density of C. elegans ranges from 1.091 g cm -3 for larval stage 1 to larval stage 3, to 1.074 g cm -3 for adults. Since the separation is carried out under low centrifugal force settings, much of the Au distributed within the centrifugation column post-centrifugation should be found within the top few gradient layers (previous experiments in this lab: sample layers, 42.9 % ± 1.5 %; NaCl layers, 37.3 % ± 1.7 %; and 20 % sucrose layers, 15.7 % ± 0.9 %). A small concentration of Au, may be found in the bottom two layers (previous experiments in this lab: the 40 % and 50 % sucrose layers; an average concentration of, 2.3 % ± 0.2 % and 1.8 ± 0.2 %, respectively). With an n of 4, the repeatability of the separation in our lab, data displayed in Table 2 and Table 3 , was evaluated by calculating the average concentration of Au found not only in each individual layer, but also as an average sum of Au found in each individual gradient sample. This approach was successfully employed in two published studies for the separation of mixtures of AuNPs at varying sizes, [17] , [27] as well as at low and high concentration levels.
It is expected and previously demonstrated that the AuNPs will be retained in
Sucrose density separation of the nanosuspension/C. elegans mixture: C.
elegans have a specific gravity of approximately 1.08 g cm -3 and can be recovered by flotation in a solution with a specific gravity of 1.15 g cm -3 . [28] Sucrose is an ideal solution for this particular density gradient centrifugation protocol, as it is a chemical that is commonly employed for discreet isolation and fractionation of viable worms from other components such as residual bacteria, fungi, debris, etc. 3 As mentioned previously, upon introducing the nanosuspension/C. elegans to the top of the gradient column, the C. elegans settles on top of the interface of the NaCl and 20 % sucrose layer (the densities of sucrose concentrations are shown in Table 1 ). By density, the nematodes migrate easily through the nanosuspension/C. elegans mixture layer and NaCl layer, without the assistance of centrifugation. As displayed in Table 4 and Table 5 , for the nanosuspension/C. elegans mixture, a majority of the Au (mean ± SD) distributed within the centrifugation column post-centrifugation will be found within the top few gradient layers (previous experiments in this lab: the sample layer, 45.2 % ± 1.5 %; NaCl layer, 38.9 % ± 2.1 %; and the 20 % sucrose layer, 13.7 % ± 2.0 %). Some Au, but not a significant particle concentration, will be found in the bottom two layers (previous experiments in this lab: the 40 % and 50 % sucrose layers; with Au concentrations (average ± SD) of 1.4 % ± 0.4 % and 0.9 ± 0.2 %, respectively). With an n of 4, the repeatability of the separation can be evaluated by calculating the average concentration of Au found not only in each individual layer, but also as an average sum of Au found in each individual sample.
As can be seen in Table 5 , the reproducibility of the separation in our prior experiments was evident, as the average sum of Au found in the nematode migration layers (the three fraction layers denoted as Fraction 8, 9, and 10) was 3.1 %, 3.0 %, 2.3 %, and 2.5 % for sample 1 through sample 4, respectively. This relates to an average AuNP-removal efficiency of 97.3 %. [17] Table 2 . Total Au, in ng, found in gradient sample fractions following centrifugation of a mixture of 30 nm and 60 nm AuNPs (NIST) at 100 ng mL -1 , respectively. Note that 2 mL of the mixture of AuNPs was added to the gradient, accounting for ≈400 ng of total Au. Table 3 . Relative % Au found in gradient sample fractions following centrifugation of a mixture of 30 nm and 60 nm AuNPs (NIST) at 100 ng mL -1 , respectively. Table 4 . Total Au, in ng, found in gradient sample fractions following a 0 h nematode exposure to a mixture of 30 nm and 60 nm AuNPs (NIST) at 100 ng mL -1 , respectively. Note that 2 mL of the mixture of nematode/AuNP suspension was added to the gradient, accounting for ≈200 ng of total Au.
Recovery percentage represents the calculated % recovery of Au mass applied to the density gradient column prior to centrifugation. *Indicates the location of nematodes within the gradient after centrifugation. Table 5 . Relative % Au found in gradient sample fractions following a 0 h nematode exposure to a mixture of 30 nm and 60 nm AuNPs (NIST) at 100 ng mL -1 , respectively.
*Indicates the location of nematodes within the gradient after centrifugation.
Figure 1.
Representative schematics of (A) mixed-stage nematodes, (B) the nanosuspension containing 30 nm and 60 nm AuNPs at 100 ng mL-1, respectively, and (C) the nematode/nanosuspension mixture. The construction of the sucrose density gradient column within a centrifuge tube from top to bottom: 2 mL of the nanosuspension (D) or 2 mL of the nematode/nanosuspension mixture (E), 2 mL of 100 µmol L -1 NaCl (light green) + sucrose [4 mL of 20 % (mass density; purple), 3 mL of 40 % (mass density; orange), and 2 mL of 50 % (mass density; red)]. The color designations for the x-axis can denote the color designations within the gradient schematic in Figure 1E .
